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The shortfin mako is one of the most important shark species caught in Atlantic Ocean
pelagic fisheries. Given increasing concerns for the stock status of the species, the
present study was designed to fill gaps in the knowledge of habitat use and movement
patterns of shortfin mako in the Atlantic Ocean. From 2015 to 2019, 53 shortfin makos
were tagged with pop-up satellite archival tags within the North, Central, and Southwest
Atlantic Ocean, with successful transmissions received from 34 tags. Generally, sharks
tagged in the Northwest and Central Atlantic moved away from tagging sites showing
low to no apparent residency patterns, whereas sharks tagged in the Northeast and
Southwest Atlantic spent large periods of time near the Canary Archipelago and
Northwest Africa, and over shelf and oceanic waters off southern Brazil and Uruguay,
respectively. These areas showed evidence of site fidelity and were identified as possible
key areas for shortfin mako. Sharks spent most of their time in temperate waters (18–
22◦C) above 90 m; however, data indicated the depth range extended from the surface
down to 979 m, in water temperatures ranging between 7.4 and 29.9◦C. Vertical
behavior of sharks seemed to be influenced by oceanographic features, and ranged
from marked diel vertical movements, characterized by shallower mean depths during
the night, to yo-yo diving behavior with no clear diel pattern observed. These results
may aid in the development of more informed and efficient management measures for
this species.
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INTRODUCTION
The shortfin mako, Isurus oxyrinchus, is a pelagic shark with a circum-global distribution. It occurs
from the surface down to at least 1,064 m depth and is occasionally found in coastal waters where
the continental shelf is narrow (Compagno, 2001; Stevens, 2008; Abascal et al., 2011; Mucientes-
Sandoval et al., 2012; Rogers et al., 2015; Vaudo et al., 2017; Francis et al., 2019). It is among the
fastest fishes of the sea and is an ambush predator that feeds on pelagic prey such as cephalopods
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and teleosts (Stillwell and Kohler, 1982; Compagno, 2001; Maia
et al., 2006; Díez et al., 2015). The shortfin mako is one of the most
important shark species caught by pelagic longline and gillnet
fisheries targeting mainly swordfish and tunas in the Atlantic
Ocean, second only to blue shark, Prionace glauca, in terms of
catches (Campana et al., 2005; Camhi et al., 2008; Mejuto et al.,
2009; Coelho et al., 2012). Although they are usually captured as
bycatch, shortfin makos were nearly always retained because of
their highly prized meat and fins (Camhi et al., 2008; Dulvy et al.,
2008; Stevens, 2008; Rigby et al., 2019). The species aggressiveness
and power made it one of the most desirable game fishes in
the world for recreational anglers (Stevens, 2008). Since their
inclusion in 2019 on CITES Appendix II it is possible that
discards have increased. However, like many other pelagic sharks,
populations of shortfin mako have a limited capacity to resist,
and rebound from, high fishing pressure on account of their life
history characteristics (Barker and Schluessel, 2005; Dulvy et al.,
2008). In all, the shortfin mako is considered one of the shark
species at greatest risk of overexploitation in the Atlantic Ocean
owing to its low productivity and high susceptibility to pelagic
fisheries (Simpfendorfer et al., 2008; Cortés et al., 2010, 2015).
Recent findings indicate that increasing fishing pressure
in recent decades has seriously impacted the shortfin mako
populations in the Atlantic Ocean. The latest stock assessment
carried out in 2017 by the International Commission for the
Conservation of Atlantic Tunas (ICCAT, the inter-governmental
organization responsible for the management and conservation
of pelagic sharks in the Atlantic) showed that the South Atlantic
stock had a 32% probability of being overfished and a 42%
probability of experiencing overfishing, while for the North
Atlantic stock there was a combined 90% probability of the
stock being in an overfished state and experiencing overfishing
(Anon, 2017). Given the increasing concerns for its stock status,
the shortfin mako was recently declared globally Endangered by
the IUCN Red List of Threatened Species (Rigby et al., 2019)
and also included in 2019 in the CITES Appendix II list, which
bans international trade unless proven to be legal and sustainable
(CITES, 2019). The current unsustainable fishing mortality levels
and population declines bring to light the importance of focusing
research efforts on ecological and biological aspects of this
species. Animal tracking has become one of the major tools
used to understand the ecology and behavior of a variety of
marine species, providing essential information for management
planning (e.g., Shillinger et al., 2008; Stevens et al., 2010; Graham
et al., 2012; Wilson et al., 2015; Ketchum et al., 2020).
Shifts in oceanographic conditions and seasonal variations
of highly productive areas are believed to lead large oceanic
fishes like sharks to undertake long-distance migrations in search
of food and mating grounds (e.g., Weng et al., 2007; Skomal
et al., 2009; Francis et al., 2015). Elucidating these movements
(i.e., use of space and activity patterns) is therefore fundamental
to understand the behavior of a species and its population
structure, as well as to define essential habitats, with an aim
to implement effective management measures (Camhi et al.,
2008; Rogers et al., 2015; Vaudo et al., 2016). Considering the
likely possibility of sharks as key-elements in oceanic ecosystems,
knowledge of whether they are moving within regions that might
be undergoing different types and levels of fishing activity is
essential to predict fishing impacts on their populations and
throughout the food web. However, even though these issues are
of great importance, studying long-term movements of pelagic
sharks can be challenging mostly because of the highly migratory
nature of the species and the complex logistics involved in this
type of studies (Vaudo et al., 2016).
In recent years, satellite tagging has been increasingly used
to study a wide range of marine species, including large pelagic
fishes (Hammerschlag et al., 2011; Abascal et al., 2015; Wilson
et al., 2015; Santos and Coelho, 2018). For the Atlantic Ocean,
these studies have provided important information on spatial
ecology of several pelagic shark species including Lamniform
sharks such as the porbeagle, Lamna nasus (e.g., Pade et al., 2009;
Saunders et al., 2011; Biais et al., 2017; Skomal et al., 2021) and
the basking shark, Cetorhinus maximus (e.g., Skomal et al., 2009;
Doherty et al., 2017; Braun et al., 2018). In contrast, and despite its
historical importance for commercial and recreational fisheries,
studies on movement patterns and habitat use of shortfin mako
in the Atlantic Ocean are still scarce. In the Atlantic Ocean,
satellite tagging data come almost exclusively from shortfin
makos tagged in the northwestern area. The most comprehensive
study to date was carried out by Vaudo et al. (2017), in which
long-term horizontal movements and seasonal distributions were
analyzed for 26 shortfin makos. This study reported region-
specific movements as well as the species capacity for making
long-distance and highly directional excursions. In an earlier
study, Vaudo et al. (2016) investigated the vertical movements
of eight shortfin makos which occupied a wide range of
temperatures and depths, although movements seemed to be
highly influenced by ocean temperature. Additionally, a study
by Loefer et al. (2005) analyzed data from only one adult male
that revealed a diel pattern of vertical movement defined by
greater mean depths and larger depth ranges during daytime.
Again, vertical movements seemed to be influenced by sea-
surface temperatures. More recently, a study by Gibson et al.
(2021) reported movement patterns of mostly mature shortfin
makos tagged in the northwestern Gulf of Mexico, which seemed
to differ by sex. Males made extensive migrations toward the
Caribbean Sea and the northeastern United States Atlantic coast,
while the lone female demonstrated high fidelity to the Gulf of
Mexico coastal shelf. Additionally, a study by Coelho et al. (2020)
reported movements of two shortfin makos tagged outside of the
northwestern area. These sharks, tagged in the tropical Northeast
Atlantic in the Cabo Verde islands region, used areas along the
western African continental shelf. In Queiroz et al. (2016, 2019),
the Gulf Stream, the North Atlantic Current/Labrador Current
convergence zone, the Azores islands, the mid-Atlantic Ridge
area, and the upwelling zone off Northwest Africa were identified
as high use areas for the shortfin mako.
Here we address these information gaps by presenting the
most extensive study to date on habitat use and movements
of shortfin mako tagged with PSATs in the Atlantic Ocean.
By joining efforts with various research teams working in the
Atlantic, we were able to tag a large set of specimens across a
wide area. Specific objectives of this study include (1) analyzing
horizontal movements and spatial distribution of shortfin mako
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in the Atlantic Ocean, (2) investigating vertical habitat utilization,
and (3) discussing the use of oceanic vs. continental shelf and
slope areas by this species in the Atlantic Ocean.
MATERIALS AND METHODS
Tagging Procedure
Tagging took place across a wide area of the Atlantic Ocean,
between 2015 and 2019, integrated within the ICCAT Shark
Research and Data Collection Programme (SRDCP). The
main tagging areas were the Northwest, Northeast, Central,
and Southwest Atlantic, with the tagging conducted onboard
Uruguayan research vessels, and vessels from the Portuguese,
Brazilian, Spanish, and United States pelagic longline fleets
(Figure 1). The tag deployment was opportunistic when sharks
were captured during regular fishing operations and was carried
out by scientific fisheries observers and scientists. Sharks were
either hoisted alongside the vessel or brought on board for
tagging. An umbrella-type nylon dart (Domeier dart) was used
to insert the tag laterally to the dorsal musculature below
the first dorsal fin base, using the methodology described by
Howey-Jordan et al. (2013). Sharks were tagged and released
immediately upon capture, without anesthesia, by cutting the
gangion line as close as possible to the mouth or removing the
hook when possible. Before tag attachment, tags were tested
and programmed to record information for periods between 30
and 180 days (see Supplementary Material). In addition, during
the tagging operation, animals were sexed, and measurements
in fork length (FL) taken to the nearest cm. Date and time
were recorded for each individual release, and the geographic
tagging location (latitude and longitude) was determined by
global positioning system (GPS). All shortfin mako tagging was
performed in accordance with protocols approved by the ICCAT
Standing Committee on Research and Statistics. A total of 53 tags
were deployed and two models of PSATs were used: MiniPAT
(39) and sPAT tags (14) (see Supplementary Material) built by
Wildlife Computers.
Data Analysis
Geographic positions at tagging were determined by GPS, while
the pop-up locations of transmitting tags were established as
the first point of transmission with an Argos satellite. In
order to investigate movement patterns, the most probable
tracks between tagging and pop-up locations were calculated
from miniPATs light level data using astronomical algorithms
provided by the tag manufacturer (Pedersen et al., 2011; Wildlife
Computers, 2018). For the miniPATs, the daily locations were
calculated based on the light levels recorded and using state-
space statistical models (GPE3 software, processed through
the tag manufacturer web portal). The miniPATs provide
observations on twilight, temperature and dive depth, and
the state-space modeling approach uses those observations
and the corresponding reference data, along with a simple
diffusion-based movement model, to generate time-discrete
gridded probability surfaces throughout the deployment. The
corresponding oceanographic reference data used were from the
NOAA Optimum Interpolation SST V2 High Resolution Dataset
for the sea surface temperature provided by NOAA/OAR/ESRL
PSD, Boulder, CO, United States, from their web site at
http://www.esrl.noaa.gov/psd/, and from the NOAA ETOP01
Global Relief Model, “Bedrock” version, for bathymetry (Amante
and Eakins, 2009). The grids used were 0.25 × 0.25◦ of
latitude × longitude. From those probability surfaces, the most
likely animal locations for a given day/time were derived. In the
case of sPATs, light sensors are not optimized for geolocation.
Therefore, the distances traveled by the sharks tagged with sPATs
were measured in straight lines between the tagging and the
pop-up locations.
In order to assess the habitat use among different bathymetric
areas, two main areas were considered, namely the continental
margins vs. oceanic areas. The continental margins include both
the shelf and slope areas, with the shelf defined as the areas where
bottom depth is less than 140 m, and the slope defined as the areas
wherever bottom depth ranges between 140 and 3,500 m. The
oceanic area was considered as that where bottom depths exceed
3,500 m (IFREMER, 2009). The habitat use was then calculated
as the number of occurrences recorded within each of those
bathymetric areas. Additionally, the time spent within national
EEZs vs. international waters was calculated by considering the
number of recordings obtained for each area. The time spent
within each bathymetric area (continental margins vs. oceanic
area) was also calculated for the different size classes (110–140,
141–175, and 176–220 cm FL).
For sharks tagged with miniPATs, vertical habitat use was
investigated by calculating the percentage of time-at-depth
and time-at-temperature, separately for daytime and night-
time. Sunset and sunrise were calculated using the library
“RAtmosphere” in R, and took into account the date (Julian
day), latitude and longitude (Teets, 2003). Time-at-depth and
time-at-temperature data were aggregated into 30 m and 2◦C
bins, respectively, based on the above analyses. These data
were subsequently expressed as a fraction of the total time of
observation for each shark, and the fractional data bins averaged
across all sharks within each category.
Mortality events were assigned in cases where depth profiles
showed individuals rapidly sinking through the water column
to depths greater than 1,700 m, thus initiating the tag safety
release mechanism, earlier than 30 days after release. Depredation
events were assigned in cases where no light changes were
detected during a period of several days, with temperature
profiles showing sudden increase in temperature that remained
above the temperature values measured before ingestion,
regardless of depth, until the tag was expelled/regurgitated
(see Supplementary Material). In these cases, the tracks were
estimated excluding all data collected after the depredation
event, and the subsequent depth and temperature data were not
considered in the habitat use analyses.
Depth and temperature data were tested for normality with
Kolmogorov–Smirnov tests with Lilliefors correction and for
homogeneity of variances with Levene tests. Given the lack of
normality in the data and the heterogeneity of variances, time-
at-depth and time-at-temperature were compared between the
daily period (daytime vs. night-time), and bathymetric areas
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FIGURE 1 | Tagging locations of shortfin makos tagged with PSATs in the Atlantic Ocean during this study. Gray lines represent the boundaries of continental and
insular margins (140–3,500 m depth).
(continental margins vs. oceanic area) with non-parametric
k-sample permutation tests. For this, a Monte Carlo approach
was used with the data randomized and re-sampled 9,999 times to
build the expected distribution of the differences under a random
distribution, which was then used to determine the significance
of the differences in the time-at-depth and time-at-temperature
for the sample. Time-at-depth and time-at-temperature were
also compared among size classes (110–140, 141–175, and 176–
220 cm FL) with non-parametric Kruskal–Wallis tests.
Statistical analyses for this paper were carried out using the
R language (R Core Team, 2020), with the following additional
libraries: “car” (Fox and Weisberg, 2019), “ggplot2” (Wickham,
2016), “grid” (R Core Team, 2020), “maps” (Becker et al., 2013),
“maptools” (Bivand and Lewin-Koh, 2020), “ncdf4” (Pierce,
2019), “nortest” (Gross and Ligges, 2015), “perm” (Fay and Shaw,
2010), “plotrix” (Lemon, 2006), “raster” (Hijmans, 2020), “scales”
(Wickham and Seidel, 2020), “RColorBrewer” (Neuwirth, 2014),
and “shapefiles” (Stabler, 2013). The analysis of habitat use among
different bathymetric areas and distances traveled was carried out
using QGIS 3.10.14 (QGIS.org, 2021).
RESULTS
PSAT Tagging
Of the 53 tags deployed, only 16 tags detached on their scheduled
pop-up date, which represented a premature release rate of
≈70%. Three tags failed to transmit any kind of data and 16 tags
detached from the shark earlier than 20 days after being deployed.
Premature release of these tags resulted largely from mortality
events (14) but also from unknown causes (2). Additionally, two
tags suffered early tag detachment (37 and 58 days after tag
deployment) and were determined to be ingested by other fish,
most probably as a result of a depredation attempt on the tagged
sharks. Data collected with the 16 tags that suffered premature
release earlier than 20 days after being deployed were excluded
from the analysis. For the remaining 34 tags, a total of 1,877
tracking days was registered (1,578 tracking days for miniPATs
and 299 tracking days for sPATs, with mean tracking duration
of 66 and 30 days for miniPATs and sPATs, respectively) (see
Supplementary Material).
Horizontal Movements and Spatial
Distribution
The estimated most likely tracks of the 34 sharks monitored
showed that shortfin makos ranged widely between 77◦W–
13◦E and 44◦N–41◦S, and traveled approximate distances
ranging from 19 to 8,931 km (see Figures 2, 3 and
Supplementary Material).
Shortfin makos tagged with sPATs in the temperate Northwest
Atlantic followed general southern trajectories (Figure 2).
Distances traveled by these specimens were measured in
straight lines between the tagging and pop-up locations and
ranged from 278 to 1,191 km. The two shortfin makos
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FIGURE 2 | Estimated most likely tracks for each shortfin mako tagged in the
Northwest Atlantic (A) and Northeast Atlantic (B) regions. The tagging
locations are represented with open circles and the pop-up locations with
black circles. Note that for sPATs only straight line tracks are shown (dashed
lines). Gray lines represent the boundaries of continental and insular margins
(140–3,500 m depth).
tagged with miniPATs followed distinct paths. The shortfin
mako with tag ID 167203 traveled more than 2,400 km,
swam westward toward the shelf and slope waters off the
northeastern United States and subsequently turned east into
oceanic waters. Shark 167204 initially swam southward and
then shifted its course moving north to continental shelf areas
and approaching the United States eastern coast for a total of
5,684 km traveled.
In the Northeast Atlantic, the movement patterns recorded
were diverse (Figure 2). Most shortfin makos tagged in the
temperate Northeast Atlantic swam to southern tropical areas,
while two of them (tag IDs 157341 and 56726) remained
in temperate waters, moving toward higher latitudes. Shark
56726 was tagged in open waters and subsequently directed its
movement toward the southwestern Portuguese coast, moving
north afterwards, in an excursion that seemed to be oriented
toward the Gulf of Biscay. Shark 157341 traveled about 1,500 km
in offshore waters, following a general northward direction. The
remaining shortfin makos made extensive journeys toward the
shelf and slope waters of the Canary archipelago and the West
African coast. Through the entire tracks, these sharks covered
total distances ranging from 561 to 5,315 km.
In the Southwest Atlantic, sharks were tagged within the
continental slope off Uruguay and subsequently tended to stay
in the same general area, except for one specimen (tag ID 62566)
that ventured east toward international waters after spending an
initial period moving around within the same area (Figure 3).
Shortfin makos tagged in this region appeared to reveal site
fidelity and periods of residency concentrated near and within the
continental margin. Specifically, these residency periods occurred
over the continental shelf, slope, and adjacent waters off southern
Brazil, Uruguay, and northern Argentina. Generally, resident
behavior was followed and/or preceded by oscillatory patterns of
movements parallel to the continent.
In general, sharks tagged in the central region of the
Atlantic Ocean made long-distance movements from oceanic
waters toward continental areas (Figure 3). Two of the longest
movements recorded in this study were made by shortfin makos
tagged in the central region, over a 4-month period. Shark
167208 swam south, crossing the Gulf of Guinea and reaching
the Namibian EEZ where it remained for 4 weeks until the tag
popped-up. This shark crossed hemispheres, in a trans-equatorial
highly directional movement covering a total distance of more
than 8,900 km. Shark 169528 swam 6,780 km, moving west and
nearing the continental slope off northern Brazil.
The vast majority of analyzed tracks belong to juvenile sharks
of both sexes; only two mature sharks were monitored. These
sharks were presumed to be mature based on published 50%
size-at-maturity data (males: 182 cm FL, females: 280 cm FL;
Natanson et al., 2020). Both were male, tagged in the Southwest
(tag ID 157376) and Central (tag ID 167207) Atlantic regions
and followed the general trend to move within/toward the
continental shelf.
Generally, sharks tagged in this study spent most of their time
(≈56%) swimming within the shelf and slope areas. They spent
more than 80% of their time inside national waters, crossing
17 different EEZs. In terms of high-use areas, probabilities
of distribution of tagged shortfin makos were higher closer
to the West African continental shelf and around the Canary
archipelago and the south coastal region of the Iberian Peninsula.
Similarly, the continental shelf and adjacent waters off Uruguay
and south Brazil were also highly used areas where sharks tended
to stay for longer periods (Figures 4, 5). This contrasts with
oceanic waters of the Central Atlantic Ocean, where shortfin
makos were also present but seemed to be mostly traveling and
not staying for longer periods in any specific areas. The use
of oceanic vs. continental shelf and slope areas varied among
sharks of different size classes. Smaller sharks (110–140 cm FL)
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FIGURE 3 | Estimated most likely tracks for each shortfin mako tagged in the
Southwest Atlantic (A) and Central Atlantic (B) regions. The tagging locations
are represented with open circles and the pop-up locations with black circles.
The asterisk (*) in the legend indicates mature sharks. Note that for sPATs only
straight line tracks are shown (dashed lines). Gray lines represent the
boundaries of continental and insular margins (140–3,500 m depth).
spent ≈56% of their time within shelf/slope areas, while medium-
sized sharks (141–175 cm FL) spent ≈80% of their time within
shelf/slope areas, and larger sharks (176–220 cm FL) swam mostly
in oceanic waters, spending ≈28% of their time within shelf/slope
areas. However, these differences may be related to the tagging
locations of sharks.
Vertical Habitat Use
The tagged shortfin makos swam through a depth range from
the surface down to 979.5 m, in water temperatures that
ranged between 7.4 and 29.9◦C. However, sharks spent the
largest proportion of their time in depths above 90 m, in water
temperatures ranging from 18 to 22◦C (mean depth = 68.5 m,
SD = 78.1 m; mean temperature = 19.4◦C, SD = 3.1◦C) (Figure 6).
These vertical habitat preferences were displayed during both
day and night-time, although significant differences were found
when comparing habitat use between day and night (depth:
permutation test differences = 21.7 m, p-value < 0.001;
temperature: permutation test differences = −1.1◦C,
p-value < 0.001). Differences in vertical habitat use between
day and night were less notable when sharks swam in shelf
and slope areas (daytime: mean depth = 63.6 m, SD = 87.8 m;
night-time: mean depth = 49.1 m, SD = 41.1 m) compared to
when they used oceanic waters, where they occupied greater
mean depths during daytime and night-time (daytime: mean
depth = 121.1 m, SD = 97.5 m; night-time: mean depth = 72.3 m,
SD = 65.4 m) (Figure 7). Vertical habitat use varied among sharks
of different size classes (Kruskal–Wallis tests, p-value < 0.001).
Smaller sharks (≤140 cm FL) spent more time in slightly
cooler waters than larger individuals (110–140 cm FL: mean
temperature = 19.0◦C, min = 7.4◦C, max = 28.1◦C; 141–175 cm
FL: mean temperature = 19.7◦C, min = 7.5◦C, max = 25.2◦C;
176–220 cm FL: mean temperature = 19.7◦C, min = 8.1◦C,
max = 29.9◦C) (Figures 8–10). Larger shortfin makos (≥176 cm
FL) occupied greater mean depths (110–140 cm FL: mean
depth = 83.1 m, min = 0.5 m, max = 490.5 m; 141–175 cm
FL: mean depth = 58.7 m, min = 0 m, max = 979 m; 176–
220 cm FL: mean depth = 90.4 m, min = 0 m, max = 740 m)
compared to smaller- and especially medium-sized specimens
(Figures 8–10). These differences may be related to the tagging
locations of sharks.
Diel behavior varied considerably among sharks. While some
individuals exhibited a clear diel cyclicity defined by shallower
mean depths during the night and greater mean depths during
daily hours, most sharks showed an oscillatory swimming
behavior characterized by continuous movements up and down
the water column (yo-yo diving) with some occasional deep dives
followed by rapid ascents (Figure 11). Diel vertical movements
were exhibited by sharks that spent greater periods of time
in oceanic waters, namely those tagged in the Central and
Northwest Atlantic. Sharks that mostly swam in shelf and
slope waters, like the shortfin makos tagged in the Southwest
and Northeast regions of the Atlantic, tended to demonstrate
oscillatory swimming behavior.
DISCUSSION
Worldwide, overfishing has had severe effects on marine
ecosystems (Stevens et al., 2000; Myers et al., 2007; Ferretti
et al., 2010; Pershing et al., 2010). Direct targeting and incidental
bycatch of apex fish predators by commercial fishing fleets
has negatively impacted their stocks, including those of pelagic
sharks, in most regions of the world (Dulvy et al., 2008; Pacoureau
et al., 2021). Due to their life history traits that result in low
intrinsic rates of population increase, poor management, and
low conservation priority, pelagic sharks are among the most
vulnerable species to overexploitation (Camhi et al., 2008; Dulvy
et al., 2008; Cortés et al., 2010). Increasing fishing pressure
on shortfin makos in recent decades has raised concerns over
their conservation, with the latest projections indicating alarming
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FIGURE 4 | Probability surfaces of the spatial distribution of shortfin makos tagged in the Northwest Atlantic (A) and Northeast Atlantic (B) regions. Gray lines
represent the boundaries of continental and insular margins (140–3,500 m depth).
signs of population depletion in the North Atlantic Ocean
(Anon, 2017). For this reason, understanding habitat preferences
and identifying migratory routes that might provide insight
on the existence of possible critical habitats, such as mating
grounds and nursery areas, or areas that may be considered as
separate fisheries management units, is crucial to ensure effective
management measures and successful conservation strategies.
Here we present the most extensive record of movements
of shortfin makos tagged with PSATs in the Atlantic Ocean
to date, by tagging juvenile specimens of both sexes and two
mature males. No mature females were tagged, and sex was
undetermined for seven specimens. The main constraint in the
present study was the premature detachment of PSATs. Of the 53
tags deployed, only 16 detached on their scheduled pop-up date,
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FIGURE 5 | Probability surfaces of the spatial distribution of shortfin makos tagged in the Southwest Atlantic (A) and Central Atlantic (B) regions. Gray lines
represent the boundaries of continental and insular margins (140–3,500 m depth).
representing a premature release rate of ≈70%. This percentage is
close to the average rate of 66% found in a review of shark satellite
tagging studies by Hammerschlag et al. (2011). The causes of
early tag detachment and tag failure are still not well understood
and there may be several explanations including biofouling,
mechanical failure of critical tag components, human error,
battery failure, and tag damage (Hays et al., 2007; Musyl et al.,
2011). Additionally, as one of the fastest sharks, premature release
in shortfin mako may be caused by high-burst swimming events
that could weaken the anchorage and cause early detachment
of the tag. Hammerschlag et al. (2011) stated that the method
used for PSAT deployment, which consists of inserting the tag
in the shark skin using a dart anchor, is highly conducive to
tag shedding, which may explain the high premature release
rate of this type of tags. By contrast, SPOT tags (smart position
and temperature tags) have demonstrated the capacity to stay
attached to sharks for much longer periods. These tags are usually
mounted to the dorsal fin of sharks using bolts and nuts, and
as such are less conducive to rapid shedding. When comparing
studies on shortfin mako movements, studies that used SPOT tags
(e.g., Vaudo et al., 2017; Francis et al., 2019; Gibson et al., 2021)
generally reported much longer tracks than studies using PSATs
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FIGURE 6 | Vertical habitat use of shortfin makos for daytime and night-time
in terms of depth and temperature. Depth classes are categorized in 30 m
intervals and temperature classes in 2◦C intervals.
(e.g., Stevens et al., 2010; Abascal et al., 2011; Vaudo et al., 2016).
Here we used the same Domeier umbrella anchor used in some
of the tags deployed in Vaudo et al. (2016). In that study, two out
of four tags suffered premature release, although mean tracking
days (132 days) was higher than that reported in our study (30–
66 days). In Vaudo et al. (2016), the remaining tags were attached
using a stainless-steel M dart and all suffered premature release
(mean tracking days = 15). Abascal et al. (2011), which used the
same stainless-steel M dart, stated that premature detachment of
tags was found to be the main problem in the study (premature
release rate of 87.5%; mean tracking days = 53). In Stevens et al.
(2010), of seven PSATs deployed either on blue, shortfin mako,
thresher, or bigeye thresher sharks, only one reached its pop-off
date (mean tracking days = 58). Those tags were attached using
a stainless-steel Floy tag-anchor. High premature release rates of
PSAT tags and consequent short tracking periods limit the ability
to determine seasonal patterns of habitat use, contrary to SPOT
tags which frequently report tracking periods of >1 year and
therefore can be used to assess movement seasonality. However,
since SPOT tags are not equipped with depth sensors, they are
not suitable for examining vertical behavior of fish. Similarly to
what was reported for several large pelagic species (Kerstetter
et al., 2004; Hoolihan et al., 2014; Cosgrove et al., 2015), two early
tag detachments detected in this study were probably the result
of depredation events by other sharks, as indicated by sudden
increases in temperature which remained stable regardless of
depth, and low light level values which demonstrate that the tag
was in darkness.
Our data confirmed the wide geographic distribution of
shortfin mako in the Atlantic Ocean (Compagno, 2001; Cortés
et al., 2010). Shortfin makos tagged in this study moved in
multiple directions, usually traveling long distances between
oceanic waters and waters within the continental shelf and
slope. These extensive movements are consistent with previous
studies that also demonstrated the highly migratory nature of
this species (Casey and Kohler, 1992; Abascal et al., 2011;
Vaudo et al., 2017; Queiroz et al., 2019; Coelho et al., 2020;
Gibson et al., 2021). A previous conventional tag-and-recapture
study by Casey and Kohler (1992) suggested that movements of
shortfin mako in the Northwest Atlantic Ocean were seasonal
and largely influenced by sea surface temperature. In Vaudo
et al. (2017) shortfin makos displayed considerable variability
in movements, with seven sharks tagged off the United States
making long-distance, highly directional southern excursions
into less productive subtropical/tropical waters before returning
north. More recently, Gibson et al. (2021) reported high use
of the Gulf of Mexico area and extensive seasonal migrations
of mature male shortfin makos toward the Caribbean Sea and
the northeastern United States Atlantic coast beginning in the
late summer-early fall. These movements differed from those
undertaken by the two shortfin makos in our study tagged
with miniPATs in the Northwest Atlantic (tag IDs 167203 and
167204), which did not approach the Gulf of Mexico region and
followed general north-oriented movements toward shelf and
slope waters off eastern United States starting in late winter. Our
data revealed that for shortfin makos tagged in the Northeast and
Central Atlantic regions, except for a couple of sharks, horizontal
movements tended to be oriented toward shelf and slope waters.
Coelho et al. (2020) obtained similar results, with most shortfin
makos tagged in the Cabo Verde EEZ traveling toward areas
closer to the African shelf. Finally, sharks tagged in the Southwest
area off Uruguay appeared to demonstrate fidelity to the more
nutrient-rich waters of the Subtropical Convergence Zone. This
area is characterized by the confluence of two water masses
with contrasting features: the warm Brazil Current and the cold
Malvinas/Falkland Current. In addition to this water-mixing
process, discharges from the Rio de la Plata make the Subtropical
Convergence Zone a highly productive ecosystem with capacity
to sustain high trophic levels (sharks, tunas, seabirds, sea turtles,
and marine mammals) (Acha et al., 2004; Domingo et al., 2009;
Jiménez et al., 2011; Pons and Domingo, 2013; Passadore et al.,
2014; Gaube et al., 2017). The reasons for these horizontal
movements are not entirely known but may suggest an ability to
discriminate among areas of particular significance for foraging
or reproduction purposes (Heupel et al., 2007; Petersen et al.,
2007; Block et al., 2011).
Generally, shortfin makos tracked in the present study made
excursions toward the continental shelf and slope. The shelf
and slope waters of the Subtropical Convergence Zone, the
Canary archipelago and the northwestern African continental
shelf seemed to be areas of particular importance for the species.
Previous studies reported the aggregation of immature sharks
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FIGURE 7 | Vertical habitat use of shortfin makos when using shelf and slope waters (top plots) vs. oceanic waters (bottom plots), for daytime and night-time in
terms of depth and temperature. Depth classes are categorized in 30 m intervals and temperature classes in 2◦C intervals.
around these areas, suggesting that they may serve as nursery
grounds. Coelho et al. (2018) documented high density of
smaller-sized blue sharks in temperate Southwest waters off
southern Brazil and Uruguay, which would represent one of
the main nursery grounds for that species in the South Atlantic
Ocean. For shortfin mako, Vooren et al. (2005) and Costa et al.
(2002) reported the presence of neonates and pregnant females
off southern Brazil. Moreover, the hypothesis of a nursery ground
off Northwest Africa and Portugal is supported by the occurrence
of neonate and young-of-the-year shortfin makos reported in
Maia et al. (2007) and Natanson et al. (2020). Here, the presence
of two neonates tagged off the Canary archipelago (tag IDs
62420 and 62621) reinforces the importance of this region for
parturition. Additionally, horizontal movements might be driven
by feeding events. For instance, the shortfin mako with tag ID
167208 swam for more than 8,900 km from the Central Atlantic
Ocean toward shelf and slope waters off northern Namibia,
remaining in the area for nearly 1 month until tag detachment.
This region is included within the Benguela marine ecosystem,
one of the most productive marine systems in the world, which
attracts many top predators seeking food (Petersen et al., 2007;
Santos and Coelho, 2018). Interestingly, this shark moved from
northern to southern hemisphere, which may question the
current North–South Atlantic (separated by the 5◦N) division of
stocks used for all pelagic sharks by ICCAT.
Tagged shortfin makos spent their time from the surface
down to 979.5 m depth, in temperature ranges of 7.4–29.9◦C,
although most of the time they were in depths above 90 m, in
water temperatures ranging from 18 to 22◦C. When sharks used
oceanic environments they occupied greater mean depths during
daytime and night-time. Information on habitat preference of
shortfin mako in the Atlantic Ocean is limited; however, our
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FIGURE 8 | Vertical habitat use of shortfin makos ranging in size from 110 to 140 cm FL, for daytime and night-time in terms of depth and temperature. Depth
classes are categorized in 30 m intervals and temperature classes in 2◦C intervals.
FIGURE 9 | Vertical habitat use of shortfin makos ranging in size from 141 to 175 cm FL, for daytime and night-time in terms of depth and temperature. Depth
classes are categorized in 30 m intervals and temperature classes in 2◦C intervals.
results are consistent with those previously reported for this
species. In Loefer et al. (2005), tag data of one specimen
captured off the southeastern United States indicated a depth
range of 0–556 m in temperatures between 10.4 and 28.6◦C.
Vaudo et al. (2016) reported that shortfin makos tagged off
the northeastern United States and Gulf of Mexico experienced
temperatures between 5.2 and 31.1◦C, swimming through a
depth range from near the surface down to 866 m. In Gibson
et al. (2021) shortfin makos frequented a wide range of
sea surface temperatures ranging from 10.0 to 31.0◦C. Casey
and Kohler (1992) indicated that in the North Atlantic the
preferred surface water temperature of shortfin mako appeared
to lie in a narrow range between 17 and 22◦C. Body size
has been suggested to influence the vertical distribution of
shortfin mako, with larger sharks showing a greater tolerance to
cooler waters than smaller individuals (Vaudo et al., 2016). In
this study, mean temperature recorded for smaller individuals
was slightly lower than those recorded for medium- and
larger-sized sharks. Moreover, smaller individuals spent more
time in cooler waters compared to medium and larger-sized
sharks, revealing they are able to occupy a broad range of
thermal habitats.
In terms of diel movement patterns, we found that swimming
behavior differed among sharks. Sharks tagged in open waters of
the Central and Northwest regions tended to exhibit diel vertical
movements, characterized by shallower mean depths during the
night and greater mean depths during daytime. Vaudo et al.
(2016) obtained similar results, with sharks showing diel diving
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FIGURE 10 | Vertical habitat use of shortfin makos ranging in size from 176 to 220 cm FL, for daytime and night-time in terms of depth and temperature. Depth
classes are categorized in 30 m intervals and temperature classes in 2◦C intervals.
FIGURE 11 | Details of diving behavior profiles of shortfin makos. The plot on the top (A) (shark with tag ID 169528) represents the diel vertical behavior. The plot on
the bottom (B) (shark with tag ID 52925) shows the oscillatory diving (yo-yo diving) behavior, with occasional deep dives.
behavior with deeper dives occurring primarily during daytime.
In Loefer et al. (2005), the specimen tagged also demonstrated a
diel pattern of vertical movement defined by greater mean depths
and larger depth ranges during daylight hours. The results of both
studies suggested that vertical movements of shortfin mako were
strongly influenced by water temperatures, which appeared to
be the major influence on the movement ecology of the species.
The differences between day and night behavior have also been
described as a foraging strategy to locate and remain near prey
(Sepulveda et al., 2004; Vetter et al., 2008).
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Most sharks tagged in the present study, namely those
tagged in the Southwest and Northeast Atlantic regions which
mostly used shelf and slope waters, showed a vertical oscillatory
swimming behavior. These sharks constantly moved up and
down in the water column, with some occasional deep dives
followed by rapid ascents. In the Southeastern Pacific Ocean,
a study on environmental preferences of shortfin mako by
Abascal et al. (2011) reported that sharks did not exhibit
any clear diel cyclicity, but mean vertical distribution was
deeper during daytime. These sharks also displayed bounce
dives, which the authors associated with feeding events. Deep
diving behavior has been suggested to be related with foraging
ecology of other pelagic sharks, including blue shark, tiger
shark, Galeocerdo cuvier, scalloped hammerhead, Sphyrna lewini,
bigeye thresher, Alopias superciliosus, and oceanic whitetip,
Carcharhinus longimanus (Stevens et al., 2010; Nakamura et al.,
2011; Hoffmayer et al., 2013; Howey-Jordan et al., 2013; Coelho
et al., 2015). Additionally, the most widely proposed reason for
this behavior has been attributed to warming the body after heat
loss during descents into cooler water (Klimley et al., 2002).
However, like other lamnid sharks, the shortfin mako is an
endothermic species that is able to maintain body temperatures
above the surrounding seawater temperature (Carey et al., 1981).
Other functions proposed for yo-yo diving are related to energy
conservation through a fly-glide swimming strategy, orientation,
and the use of chemical and magnetic information to guide
migrations (Klimley et al., 2002; Iosilevskii et al., 2012).
Conclusion
Overall, our findings for the shortfin mako confirmed its capacity
to inhabit temperate and tropical waters, over broad depth and
temperature ranges. Nevertheless, sharks spent most of their
time in depths above 90 m, in water temperatures ranging from
18 to 22◦C. Our results suggested two different patterns of
diving activity which seemed to be influenced by the proximity
to the continents. Individuals that spent greater periods of
time in oceanic waters demonstrated diel cyclicity, staying in
shallower waters during the night, while sharks that swam in
shelf and slope waters tended to display yo-yo diving behavior
with some occasional deep dives. Furthermore, satellite-tagged
shortfin makos showed considerable variability in horizontal
movements, but generally tended to move toward or remain
over shelf and slope waters of the Southwest Atlantic Subtropical
Convergence Zone, the Canary archipelago and West Africa.
These movements challenge the typical view of shortfin makos
being mostly oceanic nomads and hint at the importance of
these continental margin areas for the species. Despite the
existing relationship between habitat use and tagging locations,
it is interesting to highlight that sharks spent most of their
time in national EEZ waters moving across the jurisdictional
management borders of several nations and the high seas, which
emphasizes the necessity for international coordination efforts to
effectively apply the required management actions. Moreover, the
evidence of shark movements across hemispheres may question
the current north–south division of stocks in the Atlantic. Finally,
the apparent residency of those sharks in some areas, such as in
the Southwest Atlantic, might help to better delineate and refine
management unit areas for the species. This should be done in
tandem with ongoing population genetic studies being carried
out within ICCAT, whose preliminary results have suggested,
for example, a unique genetic structure of shortfin makos off
Uruguay in the Southwest Atlantic (ICCAT, 2018).
The results of this study provide a better understanding of
shortfin mako movements and activity patterns in the Atlantic
Ocean and confirm that satellite tagging is an important tool
that can provide valuable information on spatial ecology of data-
limited species. We expect that similar studies will continue
to be carried out to elucidate ecological aspects and determine
the drivers of movement patterns of these animals, as well
as to provide insight on movement differences between sexes
and/or maturity stages, ultimately contributing to the provision
of sustainable management and conservation measures.
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